The oral epithelium is heavily colonized by a diverse array of bacteria, apparently without detriment to the host. Such colonization is likely the result of complex interbacterial and hostbacterial interactions. The presence of certain microbes may predispose to colonization by others by production of favorable growth conditions, promotion of adhesion, or suppression of host immune factors (2) .
Periodontitis occurs when plaque accumulates on the surface of the tooth, deepening the gingival crevice (50) . Deep pockets favor the growth of proteolytic gram-negative anaerobes. These bacteria promote destruction of the tissues supporting the tooth (50) and may invade adjacent pocket epithelial cells (62) . In addition, bacteria associated with disease can also be detected on other soft tissues (29) . These bacteria are hypothesized to act as a reservoir for the reinfection of sites following dental treatment (44, 65) , in keeping with the persistent nature of periodontal disease (10, 65) . Beyond the oral cavity, oral bacteria have been implicated in several systemic conditions, including atherosclerosis (7, 33) , stroke (18, 66) , and low weight and preterm birth of infants (31, 36) .
The buccal mucosa is colonized by a wide range of different species, including those associated with periodontal disease (29) . Such bacteria have been found to exist in polymicrobial communities within buccal epithelial cells (44, 45) . The polymicrobial nature of these communities, together with their intracellular location, may explain how strict anaerobes are able to survive outside the gingival crevice. In addition, invasion of host cells by bacteria protects against host immune system components and salivary flow. Since not all bacteria appear to be capable of invading host cells independently (9, 14, 23, 63) , it is possible that interbacterial interactions are necessary to create such intracellular diversity.
Fusobacterium nucleatum, a gram-negative fusiform anaerobe, is able to adhere to and invade human epithelial cells (14, 64, 67) . Additionally, F. nucleatum adheres to erythrocytes (6, 12, 48) , polymorphonuclear leukocytes (20, 30, 37) , and lymphocytes (57, 58, 64) . It also binds fibronectin (1) and plasminogen (5) . Likewise, F. nucleatum is able to adhere to a wide range of other oral bacteria (coaggregation), including both early (Actinomyces spp., Streptococcus spp.) (16, 48, 52) and late (Porphyromonas gingivalis, Treponema denticola) (21, 22, 48) colonizers. The interaction of F. nucleatum with host cells or other bacteria is often inhibited by lactose (or galactose) (14, 22, 30, 48) or L-arginine (6, 20, 27, 51, 52, 58) .
The role of F. nucleatum in periodontitis is unclear. F. nucleatum is the most numerous gram-negative bacterium in the oral cavity during health, but the mass of F. nucleatum increases significantly during active periodontal disease (59) . In addition, several studies indicate that fusobacteria, with other bacteria, penetrate the epithelium during periodontitis (3). It is possible that F. nucleatum plays an indirect role in the progression of periodontitis by forming a bridge between the primary colonizers of the tooth surface (streptococci and actinomycetes) and later colonizers such as P. gingivalis, Tannerella forsythia, and T. denticola, which are strongly associated with periodontal disease (21, 59) . One early colonizer that F. nucleatum adheres to is Streptococcus cristatus, a member of the mitis group of streptococci that has been isolated from both dental plaque and the soft tissues of the oral cavity (15, 56) .
This bacterium coaggregates strongly with F. nucleatum in an L-arginine-sensitive manner. The interaction is believed to rely on a high-molecular-weight, serine-rich protein on the surface of S. cristatus (16) . Although this interaction has been well characterized, the fusobacterial adhesin has not been conclusively identified. Coaggregation between F. nucleatum and S. cristatus can lead to the formation of "corncobs," whereby large numbers of streptococci can attach to a single F. nucleatum cell (25) . These interactions may be beneficial for the fusobacteria since S. cristatus promotes the survival of F. nucleatum in saliva (43) .
Recent work has suggested that coaggregation may promote attachment to epithelial cells by nonoral species (24) . We hypothesized that the invasive nature of F. nucleatum, combined with its ability to coaggregate with a range of oral bacteria, might enable this bacterium to facilitate the internalization of normally noninvasive bacteria in epithelial cells.
MATERIALS AND METHODS
Bacterial strains and culture. S. cristatus American Type Culture Collection (ATCC) 49999 (CC5A), S. cristatus ATCC 51110, Streptococcus gordonii DL-1, S. sanguinis SK36, Actinomyces naeslundii ATCC 12104, and F. nucleatum subsp. polymorphum ATCC 10953 were cultured at 37°C in an anaerobic environment (N 2 -H 2 -CO 2 at 8:1:1). Streptococci were cultured in Todd-Hewitt broth (Sigma, St. Louis, MO) and A. naeslundii and F. nucleatum in TSY, which is tryptic soy broth (Becton Dickinson, Sparks, MD) supplemented with 0.1% yeast extract (Becton Dickenson), hemin (5 g/ml; Sigma), and menadione (1 g/ml; Sigma). Bacteria were recovered by centrifugation (7,000 ϫ g, 15 min) and washed in phosphate-buffered saline (PBS) before adjustment to 10 8 CFU/ml in buffer by alteration of the optical density (OD) to a reference standard. If two different bacteria were to be used, these were mixed by vortexing for 10 s prior to use in adhesion or invasion assays. Bacteria were enumerated by anaerobic culture on TSY supplemented with 1.5% agar (Sigma) and 5% sterile defibrinated sheep blood.
Selection of a spontaneous coaggregation-deficient F. nucleatum mutant. F. nucleatum cells were subjected to selection pressures in order to isolate spontaneous mutants defective in adhesive properties. It has been hypothesized that the outer membrane protein FomA is important in coaggregation (17) . In addition, this protein is believed to mediate immunoglobulin binding (13) . We thus hypothesized that isolates defective in salivary immunoglobulin A (S-IgA) binding might be defective in coaggregation. Approximately 10 8 F. nucleatum cells were mixed with purified S-IgA (0.05 mg/ml; Sigma) by vortexing for 30 s at room temperature. Agglutinated cells were allowed to settle and the supernatant recovered and cultured as described above. This procedure was repeated 10 times before supernatants were plated on TSY agar as described above. Individual colonies were assessed for S-IgA binding by dot blotting and agglutination in the presence of S-IgA. Isolate 21 was selected for deficiency in IgA binding. That isolate was also defective in coaggregation with S. cristatus CC5A as determined by the assays described below.
Coaggregation assay. The effects of various inhibitors or polyclonal antisera on coaggregation between F. nucleatum and S. cristatus were assessed by various techniques, including microscopy, a visual scoring assay, and a quantitative assay based on that of Lafontaine et al. (24) . Briefly, F. nucleatum cells (1 ml, OD 620 ϭ 1.0) were washed and fixed in methanol (15 min at room temperature [RT]), washed again, and biotinylated (1 mg/ml Sulfo-NHS-LC-biotin; Pierce, Rockford, IL) for 30 min at RT with rotation. Cells were washed and mixed with 10 l streptavidin-coated magnetic beads (Dynal Biotech ASA, Oslo, Norway) for 30 min at RT with rotation. Fusobacterium-bead complexes were reduced to 200 l by centrifugation and resuspension and mixed with 0.8 ml of S. cristatus (OD 620 ϭ 1.0) by vortexing for 5 s. A magnetic stand was used to remove magnetic bead-fusobacterium-streptococcus aggregates. Analysis of the amount of remaining S. cristatus in the supernatant revealed the degree of attachment to F. nucleatum isolates.
Generation of antibodies. F. nucleatum or S. cristatus bacteria were cultured as described above, washed three times with PBS, and fixed with 99% methanol at 4°C overnight. Methanol was removed by washing in PBS. Fixed cells were sent to Pacific Immunology Corp. (Ramona, Calif.) for the generation of polyclonal antisera in rabbits. Immune sera were screened against preimmune blood samples to confirm the generation of specific antibodies. In addition, antiserum raised against F. nucleatum was screened to ensure no cross-reactivity with S. cristatus and vice versa.
Epithelial cell culture. The KB cell line was kindly provided by Mark Herzberg (University of Minnesota) and maintained in Dulbecco minimal essential medium (GIBCO, Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum (GIBCO) at 37°C in a humidified atmosphere of 5% CO 2 as described previously (35) . KB cells were originally described as an oral epithelial cancer line and have been extensively used as a tissue culture model in studying the interactions between oral bacteria, including F. nucleatum, and epithelial cells (14, 32, 46, 47, 54, 60) . Although KB cells deposited with ATCC are now considered to have been contaminated with HeLa cells, they are not cytogenetically identical to ATCC HeLa cells (26) . It is also important to note that the HeLa cell line is of epithelial origin, and oral bacterial gene expression on invasion of HeLa cells seems similar to what occurs in the mouth (40) . In addition, F. nucleatum appears to invade KB cells in a manner similar to that of primary human gingival epithelial cells (14) . Moreover, the line of KB cells employed in this study was not obtained from ATCC and it is phenotypically distinct from HeLa cells and KB cells ordered from ATCC (Mark Herzberg, personal communication). We therefore continue to use the original name in this report, pending definitive resolution of the identity of this cell line.
Oral keratinocyte TERT-2 cells (8) were supplied by the Brigham and Women's Hospital Cell Culture Core (Boston, MA) and were cultured in keratinocyte serum-free medium (K-SFM; Invitrogen) supplemented with CaCl 2 (0.3 mM), bovine pituitary extract (30 g/ml), and epidermal growth factor (0.1 ng/ml).
Epithelial cells were cultured in T75 flasks at 37°C with 5% CO 2 until approximately 70% confluent. Cells were detached with trypsin and EDTA (Invitrogen), recovered by centrifugation, and used to seed 24-well plates at 10 5 cells per well. Plates were incubated for 24 h as described above prior to use in assays. Metabolic inhibitors (cytochalasin D at 1 g/ml, staurosporine at 1 M, and cycloheximide at 100 g/ml) were preincubated with monolayers for 1 h (37°C, 5% CO 2 ) prior to addition of bacteria. Concentrations of inhibitors were maintained throughout the course of the assay. Monolayers were also grown on gelatin-coated coverslips for use in immunofluorescent labeling and analysis by confocal microscopy or scanning electron microscopy (SEM).
Adhesion assay. Adhesion of F. nucleatum and S. cristatus to epithelial cells was determined by plate counts of associated bacteria and by laser scanning confocal microscopy (see below). KB or TERT-2 cells were prepared as described above, washed with Dulbecco's PBS (DPBS), and incubated with bacteria in Earle's balanced salt solution, with the bacteria at a multiplicity of infection of 10, in the presence of the indicated concentrations of various inhibitors for 4 h at 37°C in 5% CO 2 . Nonadherent bacteria were removed by three rounds of washing with DPBS before lysis of the monolayer with 1 ml double-distilled H 2 O. Lysates were diluted in 10-fold steps with minimal essential medium containing 10 mM L-arginine (to disrupt coaggregates) and portions plated on TSY agar (as described above) and incubated under anaerobic conditions for 48 to 72 h to enumerate surviving bacteria. Although this is described as adhesion, viable counts included adherent and internalized bacteria.
Invasion assay. Invasion was assessed by the antibiotic protection assay as described previously (35) and by laser scanning confocal microscopy. Briefly, KB or TERT-2 cells were washed with DPBS and incubated with bacteria for 4 h at 37°C in 5% CO 2 . Nonadherent bacteria were removed by washing with PBS. Monolayers were then incubated with 1 ml of minimal essential medium containing 200 g/ml gentamicin (Sigma), 5 g/ml penicillin G (Sigma), and 300 g/ml metronidazole (Sigma) for 1.5 h. Antibiotics were then removed by washing with DPBS and epithelial cells lysed with 1 ml sterile, double-distilled H 2 O. Surviving bacteria were enumerated as described for adhesion assays. To ensure the effectiveness of the antimicrobials in coincubation experiments, coaggregates of 10 7 F. nucleatum bacteria and the other bacteria used were exposed to the antibiotics described under identical conditions, broken up with arginine, and plated for viable colonies. Fewer than 10 CFU/ml were recovered.
Inhibition of bacterial adhesion, invasion, or coaggregation. F. nucleatum or S. cristatus cells were preincubated with the indicated concentrations of galactose (inhibitor of F. nucleatum adhesion/invasion), L-canavanine (analogue of L-arginine and inhibitor of coaggregation), anti-S. cristatus serum, or anti-F. nucleatum serum for 15 min at RT prior to use in assays. None of these reagents exhibited toxicity to either bacteria or KB cells at the concentrations used.
Confocal microscopy. Monolayers grown on gelatin-coated coverslips were incubated with bacteria under various conditions as described above for adhesion assay. Coverslips were washed in DPBS and fixed in Ϫ20°C methanol at 4°C for 20 min. Adherent streptococci were detected with anti-S. cristatus serum (diluted 1:400), followed by fluorescein isothiocyanate (FITC)-conjugated anti-rabbit serum (1:400; Sigma). F. nucleatum was stained with anti-F. (4, 53) . Monolayers were grown on gelatincoated coverslips and incubated with bacteria as described above. After 4 h, coverslips were washed in ice-cold PBS and incubated with a 1:200 dilution of antibody to F. nucleatum or S. cristatus for 20 min at 4°C. Coverslips were washed and incubated with 1:200 anti-rabbit FITC-conjugated antibody and incubated as described above to stain extracellular bacteria. Coverslips were then washed and permeabilized with Ϫ20°C methanol for 30 min at 4°C. After washing, internalized bacteria were stained with primary antibody and anti-rabbit TRITC-conjugated secondary antibody as described above. Thus, extracellular bacteria appeared yellow and intracellular bacteria red when images taken with red and green filters were merged. F. nucleatum could be distinguished from S. cristatus on the basis of cellular morphology.
SEM
RESULTS

Coaggregation.
Examination of the coaggregation of F. nucleatum and S. cristatus confirmed previous reports that Larginine but not D-galactose significantly inhibited this interaction (19) . However, preliminary experiments indicated that, over 4 h incubation at 37°C, L-arginine but not L-canavanine (an L-arginine analogue) lost its ability to inhibit coaggregation between F. nucleatum and S. cristatus, most likely due to hydrolysis by the streptococci (15) . L-Canavanine inhibited coaggregation by approximately 80% at 1 mM. In addition, antibodies to F. nucleatum but not S. cristatus inhibited coaggregation (by approximately 50% at a 1:1,000 dilution). A spontaneous mutant of F. nucleatum defective in immunoglobulin binding (isolate 21) was 95% reduced in streptococcal adhesion relative to the wild type (data not shown).
F. nucleatum enhances S. cristatus adhesion to and invasion of human epithelial cells. Viable counts of F. nucleatum or S. cristatus incubated with KB or TERT-2 cells were used to determine bacterial adhesion or invasion. F. nucleatum adhered strongly to KB cells (17.6% input, Fig. 1A ) but S. cristatus did not (2.9%, Fig. 1A) . However, coincubation of F. nucleatum and S. cristatus with KB cells boosted streptococcal attachment almost 10-fold (26%, Fig. 1A ) but did not significantly affect F. nucleatum adhesion (16.%, Fig. 1A) . F. nucleatum adhesion to TERT-2 cells was much lower (0.8% of input recovered, Fig. 1B ) but was enhanced in the presence of S. cristatus (2%, Fig. 1B) . Despite the lower level of adhesion, F. nucleatum enhanced S. cristatus binding in a manner similar to that for KB cells (from 4% to 18%, Fig. 1B) .
Invasion of epithelial cells was determined by the antibiotic protection assay. F. nucleatum invaded KB cells with high efficiency (up to 5% of input recovered, Fig. 1C ). By contrast, S. cristatus invasion was at the lower limit of detection (Ͻ0.01% of input, Fig. 1C ). However, in the presence of F. nucleatum, the number of recovered S. cristatus bacteria dramatically increased to 0.1% of the input (Fig. 1C) while the number of internalized F. nucleatum bacteria was not significantly changed (Fig. 1C) . F. nucleatum invaded TERT-2 cells less efficiently than KB cells (0.22% of input recovered) but similarly enhanced S. cristatus internalization from 0.02% to 0.041% of the input. F. nucleatum invasion was doubled in the presence of S. cristatus (0.48%).
The viable-count data were confirmed by confocal microscopy ( Fig. 2 and 3) . F. nucleatum bacteria adhered in large numbers to KB cells ( Fig. 2A) , but S. cristatus bacteria did not (Fig. 2B) . However, coincubation of F. nucleatum and S. cristatus promoted streptococcal adhesion significantly (Fig. 2C) . Microscopy at high magnification indicated that most of the streptococci were closely associated with F. nucleatum (Fig.  2D) . Interestingly, some F. nucleatum cells appeared to bind many S. cristatus cells while others appeared to bind few or no streptococci (Fig. 2C) .
Invasion data were confirmed by dual-antibody staining and SEM (Fig. 3) . Dual-antibody staining demonstrated adherent and internalized F. nucleatum (Fig. 3A) . Internalized S. cristatus bacteria were not observed (Fig. 3B) , except in the presence of F. nucleatum (Fig. 3C) . SEM demonstrated that F. nucleatum invaded KB epithelial cells in a polar manner (Fig. 3D and  G) , rather than along the length of the bacterium. This is in keeping with previous observations (14) . The host cell membrane exhibited projections. These did not appear to be caused by the bacteria, since epithelial cells incubated in buffer alone had similar characteristics (Fig. 3J) . S. cristatus bacteria attached in low numbers, and adhesion appeared to be mediated via polar tufts (Fig. 3E) . Although some large streptococcalfusobacterial coaggregates were observed (data not shown), the majority consisted of only a few bacteria (Fig. 3F, H, and I) . F. nucleatum bacteria in the process of invasion were observed with adherent S. cristatus bacteria (Fig. 3F, H, and I) , suggest- Fig. 4A and B) . However, many fusobacteria exhibited membrane blebbing (Fig. 4A, B , E, and F). Occasionally, F. nucleatum cells were observed apparently migrating between epithelial cells (Fig. 4C) . S. cristatus adhered to but was not observed to invade the TERT-2 cells (Fig. 4D) . Dual-incubation experiments revealed S. cristatus attached to F. nucleatum cells in the process of invasion ( Fig. 4E and F) . Enhanced S. cristatus attachment and invasion are mediated by adhesion to adherent or invading F. nucleatum. Although microscopy strongly suggested that enhanced S. cristatus adhesion and invasion were due to adhesion to F. nucleatum, various approaches were employed to dissect each of the interactions.
Adhesion of S. cristatus to KB cells was inhibited by anti-S. cristatus serum (diluted 1:1,000) by approximately 70% (Fig.  5A ) but was unaffected by anti-F. nucleatum serum, which acted as a negative control (Fig. 5A) . By contrast, F. nucleatum attachment was inhibited by anti-F. nucleatum serum (Ͼ80%) but not by anti-S. cristatus serum (Fig. 5A) . In coincubation assays, antiserum to F. nucleatum inhibited the adhesion of both species while antibodies to S. cristatus had no significant effect on the adhesion of either bacterium (Fig. 5A) .
F. nucleatum internalization was inhibited by anti-F. nucleatum (90%) but not anti-S. cristatus serum (Fig. 5D) . Neither antiserum affected S. cristatus internalization, which remained at the limit of detection (data not shown). Inhibition of streptococcal adhesion with anti-S. cristatus serum had no significant effect on the internalization of S. cristatus in coincubation experiments, but F. nucleatum invasion was promoted (Fig.  4D) . By contrast, anti-F. nucleatum serum significantly decreased the internalization of both F. nucleatum and S. cristatus (Fig. 5D) .
Since antibodies to F. nucleatum inhibited both fusobacterial adhesion and coaggregation, we investigated the role of each mechanism by inhibition with either galactose (adhesion and invasion) or L-canavanine (coaggregation). Galactose had no effect on S. cristatus adhesion (Fig. 5B) but caused a dosedependent decrease in F. nucleatum attachment at 10 mM and 50 mM (Fig. 5B) . Increasing concentrations of galactose decreased the attachment of both species in coincubation assays (this became statistically significant at 50 mM) (Fig. 5B ). LCanavanine had no significant effect on the adhesion of either F. nucleatum or S. cristatus independently (Fig. 5C) . However, dual-incubation assays in the presence of 1 mM L-canavanine showed a significant decrease in the number of bound streptococci relative to controls (Fig. 5C) .
The same conditions were utilized in invasion assays. Neither galactose or L-canavanine affected S. cristatus internalization (data not shown). Increasing concentrations of D-galactose inhibited invasion of KB cells by F. nucleatum in a dose-dependent manner (Fig. 5E ) and significantly decreased invasion by both species in dual-incubation experiments (Fig. 5E ). LCanavanine caused a slight inhibition of fusobacterial invasion (Fig. 5F ). Internalization of both F. nucleatum and S. cristatus was promoted by 0.1 mM L-canavanine in coinvasion experiments, but S. cristatus internalization was reduced at 1.0 mM (although not statistically significantly) (Fig. 5F ). This may indicate that smaller coaggregates are more invasive than larger ones.
In order to further assess the role of coaggregation in the promotion of S. cristatus adhesion and invasion, we employed coaggregation-defective F. nucleatum isolate 21 (Fig. 6 ). Although displaying similar levels of adhesion and internalization, this isolate failed to support streptococcal adhesion (Fig.  6A) or invasion (Fig. 6B ) to levels associated with wild-type F. nucleatum (Fig. 6) .
Finally, various metabolic inhibitors previously reported to reduce F. nucleatum invasion were assessed for the ability to inhibit Fusobacterium-enhanced S. cristatus invasion (Fig. 7) . Cytochalasin D, staurosporine, and cycloheximide (which target actin, protein kinases, and host cell protein synthesis, respectively) each significantly inhibited invasion by both F. nucleatum and S. cristatus in coincubation experiments, with the exception of cycloheximide (Fig. 7) . This inhibitor significantly reduced invasion by F. nucleatum but not that by S. cristatus.
F. nucleatum promotes invasion of epithelial cells by other oral bacteria.
Having demonstrated that F. nucleatum facilitates the invasion of epithelial cells by S. cristatus, we sought to determine if this phenomenon is common to other bacteria. These assays focused on early colonizers that do not readily invade. F. nucleatum significantly enhanced invasion by S. cristatus ATCC 51110 (Fig. 8A) , S. sanguinis SK36 (Fig. 8B) , and A. naeslundii ATCC 12104 (Fig. 8D) . F. nucleatum also promoted invasion by S. gordonii DL-1, but this was not statistically significant (Fig. 8C) .
DISCUSSION
Whether in health or in disease, the oral cavity is host to a wide range of different bacteria. Coupled with the diverse Although the mechanism of invasion by F. nucleatum is not as well characterized as for P. gingivalis or Actinobacillus actinomycetemcomitans, it is an active process dependent on the host cytoskeleton and protein synthesis by both the host and the bacterium (14) . It appears that the presence of S. cristatus had no significant effect on these processes since F. nucleatum invasion was not significantly affected. The scanning electron micrographs presented here suggest an invasion mechanism that may be similar to that of Streptococcus pyogenes invasion of HEp-2 epithelial cells and endothelial human umbilical vein endothelial cells, in which the bacteria interact with host cell caveolae (42) . A similar mechanism has recently been demonstrated for P. gingivalis invasion of KB cells (54) .
A difference in the ability of F. nucleatum to attach to and invade TERT-2 cells compared with KB cells (as determined by CFU counts and the antibiotic protection assay) was not confirmed by SEM. F. nucleatum appeared to bind to and invade TERT-2 cells in numbers and a manner comparable to its binding and invasion of KB cells. The blebbing of F. nucleatum cells that were in contact with TERT-2 cells may indicate that this cell line produces elements toxic to fusobacteria (but not streptococci). Since dead F. nucleatum bacteria do not invade epithelial cells (data not shown), it is hypothesized that any such antimicrobial defense may take hours to have an effect.
There have been many in vitro studies on the scope of interactions between oral bacteria and speculation on their role in vivo (21, 28, 38, 39) . Bacterial interactions may modulate colonization by other species. S. cristatus down-regulates fimA gene expression in P. gingivalis (68) , which may result in decreased adhesion to host surfaces and biofilm formation. Beyond the oral cavity, Moraxella catarrhalis has been shown to promote attachment of S. pyogenes to epithelial cells but inhibit streptococcal invasion (24) . In addition, bacteria may compete directly for host cell receptors (55, 61) . Interbacterial interactions may promote the colonization of more than one species by providing a suitable environment or substrate for attachment (21, 22, 24, 25, 28, 34, 39, 41, 49) . Such interactions are believed to play an important role in the development of dental plaque (21, 38, 39, 41) . In addition, coaggregation facilitates the invasion of dentinal tubules by species not able to invade directly (28) . This report illustrates another aspect of interbac- terial binding. The ability of a bacterium to invade host cells has long been considered a virulence factor. It is possible that in the presence of certain other species the ability to coaggregate with invasive organisms is an effective back door to internalization in host cells. It is likely that the colonization of oral surfaces is a dynamic process, with bacteria from one site colonizing other sites via salivary flow. The dissociation of polymicrobial complexes from the plaque biofilm may lead to attachment to, and invasion of, the oral mucosa by fusobacteria and associated organisms. Since F. nucleatum has been demonstrated to coaggregate with representatives of every oral genus tested (21) , it is possible that a wide range of otherwise noninvasive bacteria may be internalized in the oral epithelium via this mechanism. In addition to dental plaque, many of the soft tissues of the oral cavity support polymicrobial consortia of bacteria, some of which are intracellular (44, 45) . These intracellular polymicrobial communities are similar in composition to dental plaque, and it has been hypothesized that they may act as reservoirs of bacteria for the recolonization of remote sites within the oral cavity (44, 45) . In order to act as a reservoir, internalized bacteria must survive within the host cell. Currently, the fate of intracellular F. nucleatum is unknown beyond the duration of the assays detailed. It is also unclear whether coinvasion of F. nucleatum with S. cristatus will affect the survival of either species. Further experiments are necessary to determine the fate of internalized bacteria, the range of organisms that can be internalized via F. nucleatum or other invasive bacteria, and the effect, if any, of adding additional species to this model. In summary, this report demonstrates the ability of an invasive bacterium to transport a noninvasive species into epithelial cells via a combination of coaggregation and invasion mechanisms.
